Lehrstuhl für Biochemie der Pflanze, U niversität G öttingen, Germany The molecular composition of chloroplast mem branes embedding the photosynthetic machinery has been described in reports from several laboratories1-3. Major representatives of the structural and functional components are the lipids. From several analyses, acyl lipids were shown to be present in high quantities. However, their-localization in the thylakoid mem brane, their orientation and participation in functio nal events are still open problems4.
the phospholipids are involved in the charge separa tion during the formation of the proton gradient. The amphoteric groups were discussed as being arranged vertically across the lipid layer. Studies with antibo dies against sulfoquinovosyl diacyl glycerol and phos phatidyl glycerol suggested that these polar lipids are also inside the thylakoid7-8. However, as pointed out by R a d u n z and B e r z b o r n 8, some sulfoquinovosyl residues seem to be oriented against the outer protein layer.
An entirely different concept was developed by W e ie r and B e n s o n ® and recently more pronounced by B e n s o n et al. 10 . From a chemical point of view they suggest a membrane composed of protein subu nits and associated with surfactant lipids. That lipids are located in the outer part of the thylakoids has also been concluded from the results of L iv n e and R a c k e r 11 who demonstrated the protection of the coupling factor involved in photophosphorylation against heat inactivation, especially by sulfolipids. The coupling factor was already shown to be located at the surface of the thylakoids and could easily be removed by EDTA12-14. Consequently, if the polar lipids are constituents of the phosphorylating system, either involved in an architectural orientation or even more directly in the mechanism of ATP-formation, at least some of these compounds should be localized at the surface of the thylakoid membrane.
The correlation of lipid composition and photo chemical activity through direct chemical estimations is still lacking. The decrease of photochemical activi ties observed after longer storage of isolated chloro plasts was suggested to be correlated with lipid transformations15. The secondary effects were diffe rent and depended upon the composition of the media used for the isolation of chloroplasts16'17. Some effects were shown to be induced by an activation of en zymes e. g. monogalactolipase18, transacetylase19 or lipase20, others might be due to chemical influences.
In this work the release of lipids from thylakoids in broken chloroplasts has been examined. Photochemi cal activities measured in parallel experiments demon strated a strong correlation between the release of lipids and the decrease of photophosphorylation. Moreover, from the successive extraction of lipids from the membranes, the conclusions about the lo cation of the different lipids in the membrane itself can be drawn.
Material and Methods
Chloroplasts from spinach were isolated as descri bed by J a c o b i 21. The plant material was grown under defined conditions22. For the lipid analysis the chloroplasts were further purified by density gradient centrifugation according to L e e c h 23.
The extraction and the fragmentation procedures are summarized in Fig. 1 . After the chloroplasts had been suspended in salt media or in hypotonic solu tions, the chloroplast extracts were separated by cen trifugation at 1 0 0 0 0 x g. The composition of the media used is stated in the text and in the legends of the Figs. The amount of lipids released from the membranes is determined from the analysis of the extracts.
The fragmentation o f the thylakoids was carried out with a ScHÖLLER-sonifier as described24'25. After 15 sec of sonication, the stacks were removed by cen trifugation at 1 0 0 0 0 x g.
Lipids were extracted according to B l i g h and D y e r 26. The lipids were transferred into the chloro form phase. After separation from the proteins, the evaporated extracts were again solubilized and taken for thin layer chromatography according to P o h l et al. 21 . Commercial plates (Woelm, Eschwege) were used throughout. The bands were extracted and ana lysed. The following methods were used for quanti tative determinations: acyl ester28, P i29, galactose and glycerol enzymatically30'31.
The sum of the compounds from the different frac tions should be exactly identical to those values determined from the crude extract. Only when these two sets of values were equivalent, they were taken as representative. This fact is important especially for the data of P;. The enormously high values in the crude extract cannot be used for the calculation of the total phospholipids. Significant amounts of Pj were found to be bound in the pigments.
Free and bound fatty acids were analysed by gas chromatography in the Packard-model 7300/7400. The column with a length of 3 m and a diameter of 4 mm was filled with 15°/o DEGS on gaschrom P.
Chlorophyll was determined according to A r n o n 32.
The light-induced reduction of ferricyanide and the formation of ATP was carried out in small Erlenmeyer flasks. The vessels contained (/mmoles): Tricine buffer of pH 8.0 100; MgCl2 10; ADP 3; P; 10; ferricyanide 6 and chloroplasts 0 . 1 mg chlorophyll/ mg in a total volume of 3.0 ml. The basal rate was calculated from vessels which contained no ADP and P j. The vessels were illuminated in Warburg appa- 
Results

The release of lipids from the thylakoid membranes and their stabilization
In the isolated chloroplasts purified by density gradient centrifugation, about 80°/o of the acyl lipids are galactolipids and minor amouts are phospholipids. The values summarized in Table I correspond to the data reported in the literature for the lipid compo sition of chloroplasts1-3. The majority of these com pounds are constituents of the thylakoid membrane, but some of these lipids must also be assumed to be part of the outer envelope. For the direct measurement of electron transport and the formation of ATP the use of envelope-free chloroplasts is required, due to the impermeability of the outer membrane for ADP and for the electron acceptors, such as ferricyanide or NADP+33-34. There fore, broken chloroplasts are used in the experiments concerning the investigation of electron transport and photophosphorylation. However, under these circum stances secondary effects might occur when the free thylakoidmembranes are suspended directly in an artificial medium.
Whenever the chloroplasts were broken in salt media35-36 or under hypotonic conditions, lipids were always found to be present in the supernatant after centrifugation at lOOOOxg. The lipids may derive from the thylakoids and also from the envelope. However the amount of lipids varies with the pH of the medium. Independent on the pH used, all chloro plasts are broken and the fragmented envelope is in the supernatant. Since the contribution of the lipids from the envelope should be constant under different conditions, the higher values should consequently account for the release from the thylakoids. Fig. 2 summarizes the results obtained from an expe riment in which the chloroplasts were suspended in salt media of different pH. From the data presented, it becomes obvious that the release of lipids is enhan ced under alkaline conditions. The relative amount of phospholipids is significantly higher when compared to the galactolipids. However, when the lipids are analysed in detail, the different behaviour of MGD and DGD is obvious. In addition it can be seen from Fig. 2 that MGD became more easily liberated than DGD. The tendency of release is the same for all phospholipids and for SL. The highest values were always obtained for (PC + PI), followed by PG and SL. However, even at acidic pH, (PC + PI) showed the highest values, so that some of these compounds may derive from the envelope. During the release of lipids secondary effects occur such as hydrolysis and the formation of derivatives. Under acid conditions, especially at pH 4, signifi cantly higher amounts of free fatty acids were estima ted by gas chromatography (24a). Inreasing amounts of derivatives of galactolipids have also been observed at pH 4 and 5.5. The derivatives were analysed to find out what proportion of galactose and glycerol they contained. The formation of acyl derivatives19 is unlikely because the expected amount of galactose was not found to be present. Therefore, it can be assumed that these compounds are degradation pro ducts. The values of galactolipids shown in Table I include the mono-and digalactolipids as well as their derivatives.
The experiment summarized in Fig. 2 was carried out in the presence of 2°/o NaCl. As already demon strated24, salts have a stabilizing effect on the confi guration of the thylakoids. The stacks were shown to have a higher degree of packing in the contact zone of the grana area. The contact between the grana is loosened when the medium used for suspension con tains low salt concentration. Nevertheless, the tendency of release depending on the pH of the medium remained the same for all lipids when no salts were added. However, as shown in Fig. 3 , the ratio MGD/DGD is the same in the chloroplast extract at pH 5.5, 8.0 and 8.9. This result is different from that found in salt media, where the relative amount of MGD is higher. From the com parison of the release under addition of NaCl and in salt-free media, the localization of DGD in the inner part of the membrane is assumed. Moreover, since measurable amounts of chlorophyll are found simultaneously with DGD in the supernatant at pH 8 and 8.9, part of this lipid is obviously in contact with the pigments. However, at pH 5.5 the supernatant does not contain any chlorophyll, but somewhat higher amounts of DGD are found compared with thylakoids treated with salt-media. Therefore, part of DGD might be also localized between the outer layer and the pigment area.
A reasonable explanation for the liberation of lipids from the membrane in alkaline media is that of an increasing dissociation of the polar groups, especially of the phospholipids. Consequently, stabili zation should occur when the nucleophilic groups are neutralized by cations. On the other hand, when chelating agents like EDTA are added, a considerably greater release of lipids is expected.
As shown in Fig. 3 the amount of lipids present in the chloroplast extract is significantly higher when EDTA is present. The opposite effect is produced by the addition of MgCl2. In order to get reproducible results, it was necessary to use a high concentration of Mg++. However, the effects of Mg++ and of EDTA are both related to the pH. Increased liberation of lipids caused by EDTA as well as stabilization by Mg++ are more pronounced under alkaline conditions.
The influence of pH of the media on the photochemical activities of isolated chloroplasts
From the results obtained, the question arises as to whether the release of lipids is parallel to the change of photochemical activity. Chloroplasts that had been washed once were suspended in 10~3m buffer of diffe rent pH without any other additions. The chloro phyll content of the suspensions was kept between 0.1-0.2 mg/ml. After standing for 15 min in the cold room, the broken chloroplasts were centrifuged at 25 000 x g and the pellet suspended in 0.1 M sucrose, 0.2°/o NaCl, 0.1%> BSA and 10"4m Tricine pH 7.5 (sucrose medium). As soon as the chlorophyll content had been determined and the suspensions adjusted to 1 mg chlorophyll/ml, the free thylakoids were mea sured for ferricyanide reduction and ATP formation.
As shown in Table II the phosphorylation is lost when the thylakoids are treated with media having a pH greater than 8 . The uncoupling is indicated by the increased rate of electron transport. As expected, the proton gradient which has been measured simul taneously is lost. In contrast, a pH-shift could be demonstrated when the chloroplasts were suspended in media of pH 5 .5 ; using a suspension with 6 8 /ug chlo rophyll/ml, the pH rised from 5 .2 6 to 5 .3 7 after illu mination at 1 0 6 ergs/cm2
• sec (S c h m i d t , S c h o p f , H eise and J a c o b i , in preparation)
. Furthermore, a stabilization of phosphorylation is found when the chloroplasts are broken at pH 5 .5 . Even after this treatment, the thylakoids isolated after centrifuga tion are very active in ATP formation. Values up to 2 5 0 ^moles of esterified Pj were found. Without sub traction of the basal rate37, the Pl2e ratio in the thylakoid fraction was always greater than one. Nevertheless, the rate is lower as compared with freshly isolated chloroplasts suspended directly in the sucrose medium. Values between 5 0 0 and 6 0 0 //moles of ATP formed/mg chlorophyll x hour are normally observed in these "whole" chloroplasts. The P ile ratio is as high as 1 .6 -1 . 8 38-40. The correlation between the release of lipids and the phosphorylation is further demonstrated by ex periments using higher concentrations of MgCl2 under alkaline conditions. As shown in Table III , the addi tion of 10~2m MgCl2 significantly stabilizes the phos phorylation in the same way as found for the acyl lipids. When the thylakoids are suspended in 10~3m MgCl2, the phosphorylation is not fully stabilized. However, in this range of concentration, there is a strong correlation between the concentration of salt in the suspension medium and the amount of chloro phyll released. Experiments with sodium chloride showed similar results, but Mg++ was considerably more effective.
The release of lipids from extracted thylakoids by sonication
The different lipid composition of the supernatants obtained from thylakoids suspended in media of high and low ionic strength led us to conclude that some of these compounds may be located in the outer part of the membrane. Compared with the composition of intact chloroplasts, pronounced differences were found especially for the higher ratio of MGD/DGD in extracts of salt treated chloroplasts. DGD has already been shown to be liberated more easily by a hypotonic shock (Fig. 3) . Therefore, when the mem branes are treated more drastically, one would expect DGD to be released in higher quantities. So greater effects should result from sonication experiments.
For the experiments with sonication the extracted thylakoids were again suspended in a medium of high salinity which had previously been shown to stabilize the contact of the grana24-41. After 15 sec of sonication, the grana stacks were sedimented by cen trifugation. The supernatant and the sediment were analyzed for the lipid composition.
In the same way as shown in Fig. 2 , higher amounts of lipids were also liberated under alkaline conditions after sonication. However, as seen from Fig. 4 , the composition of the supernatant (TE) differs from that of the chloroplast extract. It contains especially higher amounts of chlorophyll and a lower ratio of MDG/DGD.
Most of the chlorophyll in the supernatant comes mainly from the intergrana area. This conclusion is drawn from electronmicrographs which were published 
PC*PI
42
with the YEDA-press was included. After centrifuga tion for 30 min at lOOOOxg, the supernatant was further centrifuged at 170 000 x g for 30 min. As shown in Fig. 5 most of the lipids were found in the pellet. This result indicates that the majority of the lipids released from the membranes are bound to particles. previously24-41. In these studies the fractions obtained after sonication were characterized. The functional state of the grana stacks isolated from sonicated chloroplasts has also been described24-25.
-
The analysis of fatty acids -not shown heredemonstrated secondary chemical transformations as indicated by the rise of Ci2 :o fatty acids. The amount of free fatty acids inside the grana is significantly higher at acid pH 24a.
The relative lower value of phospholipids at pH 9, especially of the fraction (PC + PI) is due to the fact that the free thylakoids used for the sonication con tained less lipids. The fraction represents free thyla koid systems which were preextracted at the same pH and thereafter separated by centrifugation. Since higher amounts of polar lipids were extracted already in the first step, less quantities are expected to be present in the supernatant after sonication.
The binding of released lipids with particles
Under alkaline conditions lipids were seen to be liberated at the same time as the phosphorylating activity decreased or even disappeared. The coinci dence prompted the idea that factors involved in coupling are removed. The localization of the coup ling factor CF1 at the surface has been demonstrated. Moreover, it has been shown that this protein is released by EDTA12"14 and stabilized by Mg++14.
Chloroplasts were suspended in 1 0~2m glycylglycine pH 8.9 containing 5 ■ 10"4m EDTA. In order to get higher values of lipids in the supernatant, a treatment The analysis of the supernatant after the removal of the particles showed a rise of MGD and conse quently, higher values of the ratio MGD/DGD are calculated. Therefore, MGD becomes solubilized when extracted from the membranes. In contrast, most of the phospho-and sulfolipids are located in the pellet.
Discussion
The aim of the investigations that are presented in this paper was to gain information about the loca lization of the different lipids in the thylakoid mem branes. Furthermore, it was hoped to find a corre lation between a change in photochemical activities and the lipids released from the membranes.
In order to get suitable information, it was neces sary to find conditions under which the degradation occurs in stages. An invaluable and simple method to release the lipids from the surface of the thylakoids was found by the treatment with media of higher pH. Whenever the chloroplasts were broken between pH 8 and 9, appreciable amounts of acyl lipids were libera ted. This phenomenon is observed only when the chlorophyll content of the suspension is aproximately 0.1 mg/ml or even lower. However, dependent upon the pretreatment and thus on the state of the whole thylakoid system, the release of lipids was found to be different. Using salt media, the ratio MGD/DGD was greater in the extract. In contrast, the liberation of DGD and of the pigments increased considerably under hypotonic conditions and even more by EDTA and by sonication. Consequently, DGD and the pig- Our results are explained best when the concept of hydrophobic bonds between lipids and proteins as first proposed by W e i e r and B e n s o n 9 and more recently by B e n s o n et al.10 is taken in consideration. These investigators suggest that there is a hydrophobic interior of protein globules in which the acyl groups of the lipids are buried. Thus, the exterior of the protein globules which are in contact with the other membrane constituents, should be surrounded by polar dissociable groups, especially those of esterified phosphorus-and sulfonic acids. On the basis of this concept, the polarity increases by lowering the proton concentration. As a conse quence, the lipids become more hydrophilic and together with the proteins they would be discharged from the anionic membrane surface.
This interpretation coincide fairly well with the conclusions drawn from experiments concerning the protonation of the membrane43. The protonation of negatively charged groups, resulting in membrane conformation44, has already been proposed as a pri mary event of photosynthesis45. Furthermore, the chloroplasts were shown to undergo reversible volume changes during illumination or even in the dark by the addition of acids or alkali46. M u r a k a m i and P a c k e r 47 extended these studies by investigating the configuration changes with the use of electron micro scopy. The thylakoids were found to shrink during illumination or by lowering the pH in the dark. The thickness of the single membranes was found to be changed only by protons or by cations, but not by sucrose. The stabilization of lipids by cations at higher pH can be explained in the same way. As demonstrated further by G r o s s and P a c k e r 48, the uptake of cations dependent on light results in a contraction of membranes.
Only the acid groups from the phospho-and sulfolipids can be responsible for the fact that the polar groups change their dissociation. This change is depen dent upon the proton concentration which decreases in light. The tendency of release observed for MGD is still unclear. MGD was found to be synthezised at the very early stage during the development of the thylakoid system 49_53. It might be possible that MGD participates in an orientation at the surface and is less bound to proteins (Fig. 5) . The predominantly unsaturated acyl residues of this lipid54 might also favour the permeability for non-polar molecules55.
However, the data presented in this paper are not conclusive in respect to the nature of the proteins which are released simultaneously with the lipids. The proteins liberated under alkaline conditions are pos sibly different from the coupling factor C F^1. Several experiments demonstrated the release of the ATP-ase by EDTA. As shown in Fig. 3 
